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1. Overview of the Project
1.1 Background

Among several technologies identified in the Air Force Initiatives on Today’s aircraft flying tomorrow
(TAFT), Survivable Aircraft Structures and Affordability issues assume critical importance. Future
aircraft technology enhancements (FATE) develop revolutionary technologies that will become the
foundation for next-generation war fighters. Examples of FATE technologies include, among others,
affordable LO data system; active aeroelastic wing; robust composite sandwich structures; damage
tolerant/resistant composite structure; advanced composite inlets; photonic vehicle management systems;
self-adaptive flight controls; and electric actuation.

The structures thrust of the Air Vehicles Directorate further supports the Air Force need toward a
composite affordability initiative (CAI). Affordability and survivability are keys to air and space vehicles
for higher performance, longer life and cost effectiveness. Newer structural concepts and design
techniques need to be exploited for the latest materials, processes, and manufacturing technologies to
produce more durable structures at lower weight and cost. The work carried out under this grant
addressed several key issues pertaining to survivability of composite affordability in aircraft and space
vehicles technologies, which make significant contributions toward Air Force needs. The vision was to
enable future, affordable systems with increased performance, survivability, reliability and
maintainability.

Conventional laminates are made with unidirectional prepregs using autoclave-molding process. Prepregs
as well as autoclave molding method are expensive. However, with the advent of low-cost liquid molding
processes the cost of production has been drastically reduced. Resin transfer molding (RTM) and vacuum
assisted resin infusion molding (VARIM) process are two manufacturing approaches that hold promise
for producing large-scale structures. As such, they are gaining acceptance for applications in armored
vehicles, aerospace structures, naval/marine, and automotive applications. Both processes offer cost
benefits over conventional autoclave molding through near net shape manufacturing and reduced number
of parts. In the case of VARIM, low-pressure requirements translate into significantly lower tooling costs.
In addition, woven fabrics, due to their ease of handling and greater drapability, have become excellent
candidate reinforcement materials for VARIM processes. Due to the interlacing of fibers in two mutually
perpendicular directions, woven fabric composites offer excellent resistance to impact damage. Normally,
impact damage is initiated as matrix cracks, which extend to the interface of two laminae and progress as
delamination. Matrix cracks initiate as either tensile or shear cracks. In both cases, the crack initiates
transverse to the fibers within a ply. They propagate through the thickness when they come across stiffer
fibers in the ply, leading to development of delamination. The extent of delamination will depend on the
portion of impact energy available to fracture the interface. In the case of thin unidirectional laminates,
the ply on the back surface splits open during the impact event, and the splitting leads to the large
delamination. This process triggers generation and propagation of multiple delaminations, which leads to
the reduction in residual properties, especially in compressive strength. In comparison, the plain weave
fabric composites offer considerable advantage. In plain weave fabric composites, fibers run in both
directions and are woven such that the fiber tows in each direction run above and below every alternate
tow in the other direction. Assume that a crack is initiated within the ply. When it tries to propagate
through the thickness, it will have to cut through the fiber in the fill direction. It will not be able to pass
across the fiber in warp direction either. Hence, the delamination initiation and growth will be suppressed.
This will help in considerably reducing the delamination damage. Hence, the residual compressive
strength is not greatly reduced. In addition, stitching the dry fabric with high-strength Kevlar threads will
further enhance the damage resistance.



It is seen from the open literature that information on the response of textile composites manufactured
through such processes under impact loading was generally lacking. With the view of survivability and
affordability in mind, the research addressed the key issues of affordable composites structures and their
survivability to low-velocity, high-strain rate and ballistic impacts, their damage tolerance, and durability
to long term fatigue. The specific research objectives were as follows:

1. To address the survivability aspects of the Air Force’s CAI

2. To manufacture conventional aerospace laminates and incorporate innovative concepts to produce
damage-tolerant and functional designs using affordable low-cost processes for air and space vehicle
structures.

3. To investigate survivability in terms of dynamic response to a variety of composite constructions in
terms of low-velocity impact, high-strain rate impact, and ballistic impact scenarios.

4. To assess the survivability of affordable composite structures through post impact fatigue and residual
strength studies.

1.2 Summary of Accomplishments
1.2.1 Technical Tasks

The technical tasks outlined above were accomplished by collaborative efforts between the prime
contractors Tuskegee University (TU) and the sub contractors The University of Alabama in Birmingham
(UAB), North Dakota State University (NDSU), North Carolina A & T University (NCA&T), and the
University of Pittsburgh (UP) over a period of 3% years.

Carbon/epoxy laminates were manufactured using affordable VARIM process using aerospace grade
woven fabrics. Three weave architectures were considered in the study. They were plain, twill, and satin
weaves. In most of the cases, the resin system used was SC-15 epoxy. The thickness of laminates
manufactured ranged from 3 to 12 mm. Most of the fabrication was carried out at TU, NDSU, NCA&T
and UAB. To enhance the damage resistance, through the thickness stitching was adopted. Three-cord
Kevlar thread was used to stitch the laminates in orthogonal square grid fashion of size 12.7 mm and 25.4
mm.

Research work on the ballistic impact testing was carried out jointly by NDSU, TU, and UAB. Ballistic
impact tests were carried out at NDSU and UAB. Impact damage was characterized through ultrasonic
non destructive evaluation (NDE) at TU. Panels made of stitched/unstitched plain, satin, and twill weave
of different thickness were characterized. In the second phase of the study, hybrid laminates made of
different combinations of plain and twill weaves were studied. To improve the damage tolerance of the
laminates, some of the panels were bonded with a tough polycarbonate layer and tested with the
polycarbonate layer facing the impactor. The polycarbonate layer, being very tough, absorbs a large
portion of impact energy, thereby protecting the backing structural composite laminate. To understand the
effect of projectile shape, ballistic impact tests were carried out on 3.5- and 6.15-mm-thick laminates
using four different shapes that included pointed tip, fragmented simulating projectile (FSP), and
hemispherical and cylindrical ends. Ballistic limits were evaluated in all the tests. In all the laminates, the
damage was localized and was dominated by penetration rather than delamination. This results in
laminates with lower damage size with increased residual mechanical properties as compared to
unidirectional laminates. Further, the damage modes were verified through ultrasonic NDE
characterization. Detailed discussions on manufacturing and ballistic impact characterization are
presented in this volume.



High strain rate impact tests were carried out at TU and UP. At TU, high strain rate compression tests
were carried out on both stitched and unstitched laminate samples using a Split Hopkinson’s Compression
Pressure Bar setup. Both plain and satin weave samples were considered. Preliminary studies were carried
out on unidirectional and cross-ply laminates. The response of woven fabric laminates was compared with
that of unidirectional and cross-ply laminate samples. Off-axes tests were carried out to evaluate the
performance of plain and satin weave samples. At UP, dynamic tests were carried out on conventional
laminates made using prepregs as well as the woven fabric composite samples supplied by TU. High-
speed photography was used to capture the dynamic deformation of the samples. Volume 2 presents the
details of the high strain rate characterization.

Low-velocity impact characterization was carried out at TU and NCA&T. At TU, both stitched and
unstitched laminates made of 7 and 17 layers of plain and satin weave carbon fabrics with SC-15 epoxy
resin system at different energy levels. Impact damage was assessed by ultrasonic NDE technique.
Again, the damage was confined to the location of impact and was dominated by indentation and
penetration rather than delamination. Satin weave laminates offered better impact resistance as compared
to plain weave laminates due to much straighter weave architecture. Further, stitching enhanced the
damage resistance by confining the damage within the stitch grid. At NCA&T, parametric studies were
carried out to study the effect of thickness on the impact response of the laminate. Laminates made of 8,
16, and 24 layers were considered. Post impact compressive strength was evaluated. Further, tests were
carried out to evaluate post-impact fatigue performance. Volume 3 of the report provides the details of the
low-velocity impact studies.

1.3 Personnel Involved
Tuskegee University

Faculty: Dr. Mahesh Hosur, Dr. Shaik Jeelani
Graduate Students: Mr. Madhu Adya, Mr. Jacob Alexander
Undergraduate Students: Mr. Marcus Hindmon, Ms. Davina Booker, Ms. Marquitta Johnson

North Dakota State University and The University of Alabama in Birmingham

Faculty: Dr. Uday Vaidya

Graduate Students: Biju Mattew, Ashwin Koleshwar (both NDSU), Shane Bartus, Chad Ulven (both
UAB)

Undergraduate Students: Chad Ulven, Scott Nelson, Shane Bartus (NDSU)

North Carolina A & T University

Faculty: Dr. Ajit Kelkar

Graduate Students: Barry Blount (Graduated with MSME), Arlene Williams (Graduated with MSME),
Ronnie Bolick (Pursuing PhD)

Undergraduate Students: Brandon Donnell, Ebonni J. Adams, Jermaine M. Bradley

The University of Pittsburgh

Faculty: Dr. Sylvanus Nwosu
Graduate Students: Ali Al-Quraishi, Femi Ojo



2. Ballistic Impact Testing of Affordable Woven Carbon/Epoxy Composites

Woven fabric composites are being increasingly used in composite structures for applications in the
aircraft, marine, and automotive industries. With emerging low-cost processing techniques for composite
materials, the role of fabric architectures in sustaining low- and high-velocity impact loads is a subject of
interest. An example of a low-cost process is the out-of-autoclave, vacuum-assisted resin transfer
molding (VARTM) technique. The present study evaluates the ballistic impact response of aerospace-
grade structural woven carbon fabric laminates processed by VARTM. A series of ballistic impact tests
were carried out on variety of laminate types which include unstitched plain weave, twill weave, and satin
weave laminates of different thicknesses; hybridized laminates made of two different fabric weaves;
stitched plain and satin weave laminates of made of 7 and 17 layers with two orthogonal grid sizes of 12.7
and 25.4 mm. Further, tests were carried out to determine the effect of different projectile shapes on the
impact response of the laminates. In all of the tests, the laminates were made using the affordable
VARTM process. Details of the tests and the results are discussed in this section.

2.1 Introduction

Fiber-reinforced polymer matrix composites have been widely used in aircraft, aerospace, marine, and
automotive structures due to their high specific strength and stiffness [1]. One concern among polymeric
composite designers is the response to low- and high-velocity impact loading. While several studies have
addressed the low-velocity impact of composites [2, 3], studies on high-velocity impact are of equal
interest [4-8]. Studies have addressed low- and high-velocity impact of composites with FSP [2-9].

Another issue that limits the usage of composite structures is cost. Currently, composite components in
aerospace industry are mostly made of unidirectional laminates fabricated using prepregs. Prepregs are
expensive materials and require stringent storage requirements and expensive manufacturing processes
like autoclave molding. In addition, prepregs have limited shelf life. Also, any innovative concepts like
through-the-thickness stitching is difficult to incorporate. While prepregs are very useful in forming
simple folds and curves and to produce T-, L- and I-shaped components, they are not very attractive for
complex curvatures. If complex structural components are to be made of unidirectional prepregs, they
have to be produced from smaller, simple parts, which, increases the cost of assembly. Over 70 percent of
the cost of composite structures is due to assembly and layup [10]. Further, cost of the prepreg scrap is
about 40percent of the original material (less than 2/3 of the purchased prepreg ends up on the
component). Hence, manufacturers and potential users of advanced composites are adopting alternative
approaches. As such, liquid molding processes offer great potential for reducing layup and assembly
costs. One such technique is VARIM [11, 12]. By using dry woven fabrics, it is possible to produce
complex 3-D preforms due to greater drapability of the fabric. There is a direct route to manufacturing
with fewer parts. Such integrated parts reduce the cost associated with tooling, layup operations, part
counts and fasteners. The added advantages include increased dimensional tolerance, outlife of raw
materials (fibers), reduced cycle times, near net molded components, reduced post molding process, and
less material scrap.

With emerging low processing methods like VARTM, the process-performance relationships to various
loading threats need attention. Further, high-velocity impacts with various geometries are of equal
interest. The structures of interest in defense applications are commonly composed of woven fabric
carbon/graphite, kevlar, and glass fiber-reinforced polymer matrix composites. Among these,
carbon/graphite fiber composites are susceptible to impact damage due to their poor impact resistance,
and are the focus of the present work. The use of woven fabrics in composite structures is continually



increasing. Woven composites possess high ratios of strain to failure in tension, compression, or impact
loads due to the interlacing of the fiber bundles [13]. Several studies report the determination of in-plane
properties of woven fabric composites [13-15].

Recent studies [16] have demonstrated utility of using a sacrificial tough polycarbonate layer bonded to
carbon fiber composite to improve the impact resistance. Polycarbonate is a tough, dimensionally stable,
transparent thermoplastic and is a suitable candidate material for many applications that demand high
performance under repeated blow, shattering, and spalling [16]. It is characterized as the highest impact-
resistant thermoplastic material within a temperature range of —40 °F to 280 °F. The use of polycarbonate
as a facing for carbon/epoxy laminates is attractive, as the laminate can be designed for lower thickness,
yet could sustain desired impact loading, thereby translating to cost savings.

One of the aims of present study is to investigate to what extent projectile geometry influences the
damage propagation and evolution during ballistic impact normal to carbon/epoxy composite panels.
Studies have addressed the effect and optimization of projectile shape during the ballistic impact of fiber
reinforced plastic laminates [17-22]. The present work aims to investigate to what extent the
crimp/undulation of woven fabric influences ballistic impact performance of the composite. A common
consideration in this study is the presence of a sacrificial polycarbonate facing to the carbon/epoxy
laminate. The facing shares a large portion of the initial impact load and damages upon impact. Previous
studies have reported that in-plane properties of woven composites [2, 13-15] are reduced due to the
crimp of the weave. The differences in the plain and 2/2 twill weave are relatively small in terms of
crimp/undulation of the interlacing yarn when the loading direction is transverse to the yarn, such as an
impact event. Experimental studies pertaining to the influence of high-velocity impact loading of plain
and twill weave fabric composites bonded to a polycarbonate sheet are reported in this study. The
influence of hybridizing the plain and twill woven fabric composites has also been considered. The
rationale for hybridizing plies is twofold. Hybridization may be either the design intent to vary in-plane
elastic properties, or a consequence of stacking variations that occur during processing, that may result in
less than an ideal stacking condition, thereby resembling a hybridized weave.

Wen [17, 18] investigated the penetration and perforation of FRP laminates using flat-faced,
hemispherical-ended, conical-tip and truncated-cone-nose projectiles in high-velocity impact. Using data
collected from previous studies, Wen was able to develop analytical equations for predicting the
penetration and perforation for each shape of projectile. These models are based on the assumptions that
deformations during a ballistic event are localized and that the mean pressure from the laminate to resist
the projectiles consists of both quasi-static resistive pressure due to elastic-plastic deformation, and
dynamic resistive pressure due to velocity effects.

Ben-Dor et al. [19, 20] developed a model for determining penetration of monolithic semi-infinite and
finite FRP laminates struck normally by arbitrary-shaped 3-D projectiles. Equations were derived to
predict the penetration and perforation characteristics. A universal 3-D conical impactor was introduced
as an optimal striker against the finite-thickness and semi-infinite shields. Problems arising from the
design of an optimal projectile shape and analysis of the protective properties of composite materials were
also discussed.

Gellert et al. [21] presented ballistic perforation data and post perforation microstructural measurements
for flat, conical, and FSP’s of different dimensions impacting glass-reinforced plastic (GRP) panels.



Energy to penetrate versus panel thickness was fitted to simple bi-linear plots. Analysis of the data
explained that the indentation phase absorbs the most energy during a ballistic event and should be
maximized in any bonded composite armor design. It was also shown that energy absorption in thin GRP
panels is independent of projectile shape, and thin GRP and Kevlar targets respond similarly on a
thickness basis against FSP’s.

Lee and Sun [22] performed an experimental and numerical study concerning the dynamic penetration of
clamped circular carbon fiber reinforced plastic (CFRP) laminates by flat-ended projectiles. The
penetration process of composite laminates impacted by flat-ended projectiles was determined to be
composed of three stages: pre-delamination, post-delamination before plugging, and post plugging. A
computational model was established to explain the static punch process. The simulated punch curve was
used in the subsequent dynamic impact analysis, and the displacements at certain specific checkpoints
were adopted as the penetration criteria. This model was established to predict ballistic characteristics of
graphite/epoxy laminates without performing dynamic penetration experiments.

In the current study, a series of ballistic impact tests were performed on eight-harness satin weave
carbon/epoxy laminates of two thicknesses. Four different projectile geometries were used during high-
velocity impact: hemispherical, conical, fragment simulating, and flat tip. The perforation mechanism,
ballistic limit, and damage evolution of each laminate was analyzed. Wen’s analytical models [17, 18]
were used to predict ballistic limit of carbon/epoxy laminates.

When subjected to impact loading, inelastic energy in composites is absorbed in the form of creation of
new surfaces. The failure mechanisms include matrix cracking, delamination, and ply splitting which
taken together reduce the residual mechanical properties of the laminate considerably. Hence, in the past
couple of decades, material science researchers have invested their efforts to address the delamination
issues. Methods of reducing interply delamination include the use of tougher matrix systems, woven
fabrics and through-thickness reinforcement. The main methods of through-thickness reinforcement
include 3-D weaving, pinning, and stitching, of which stitching has been demonstrated to be most
effective in improving the delamination resistance [23-35]. The early attempts of improving delamination
resistance were made by Huang et al. [23] in the late 1970s, where steel wires of 0.33 mm diameter were
placed at £45° angles to the thickness of the laminate separated by 1.6mm. But embedding the steel wires
by hand was not practical. In the mid 1980s Mignery et al. [24] explored the possibility of stitching fiber
threads into the fabric preform before curing of the resin. As per Kang and Lee [25], the stitched
composite laminate tolerates out-of-plane load and absorbs more energy during interlaminar crack
growth, due to which the damage area is restricted and the integrity of the structure is preserved. Further,
stitching appears to be the most cost-effective process for manufacture of damage-tolerant composite
structures.

The following specific tasks were accomplished under ballistic impact studies of woven fabric composite
laminates process by VARTM technique:

1. Ballistic impact testing of plain weave, twill weave, and hybrid of plain and twill weave laminates
2. Ballistic impact testing of laminates with polycarbonate facing

3. Ballistic impact characterization of plain and satin weave laminate with and without stitching

4. Effect of projectile shape on the impact response of satin weave laminates



Following sections will discuss the details of manufacturing of laminates, the ballistic impact test setup
and results of each of these tasks.

2.2 VARTM

In all these tasks, laminates were manufactured by VARTM process. For fabricating the laminate,
freekote (mold-releasing agent) was sprayed on the mold. The required number of layers was carefully
placed on the mold. Then a sealant tape was tacked on the surface of the mold about 25 to 50 mm from
the perimeter of the fabric layers. Resin supply tubes were connected to the system with the mold end of
the tube connected to a spiral wrap along with a distribution mesh that lies on top of the preform. This
facilitates easy flow of resin over the top and through the thickness of the laminate when vacuum is
applied. Tubes linking the vacuum pump and the spiral wrap were also connected. Resin traps were
placed between the vacuum pump and the mold to collect the excess resin. Finally, a vacuum bag was
placed on the mold and pressed firmly against the sealant tape to provide a vacuum tight system. The
preform was left to debulk under vacuum. After debulking, the SC-15 resin system was infused,
impregnating the fabric as the resin flow advanced toward the vacuum side. The resin inlet valve was
closed when resin reached the suction side, and the infused laminate was left to cure at room temperature.
Vacuum pressure was maintained until the end of the cure to remove any volatiles generated during the
polymerization, in addition to maintaining the pressure of one atmosphere. Arrangement of the fabrication
process is detailed schematically in Figure 1.

Sealant

Distribution System

Vacuum Bag

—

Resin Suction

—

Vacuum Suction

~—

0

Fabric Preform

Figure 1. Schematic of VARIM Process



2.3 High Velocity Impact Testing

The high-velocity impact tests were performed using a gas-gun test set up (Figure 2). Foam sabot carriers
(8 g) with FSP (14 g) were used. The gun consists of a 3-m barrel, a firing chamber, and a capture
chamber. The sample is placed in the capture chamber. Sabo-assisted projectiles can be launched to
velocities of 200 m/sec. A sabot stripper plate mounted in front of the muzzle was used to separate the
projectile from the launching sabot before impacting the target. Samples of dimension 125 by 125 mm (5
by 5 inches) were used. The sample was mounted in a simply supported boundary condition along its
four edges sandwiched on rollers between two rigid aluminum plates. Two chronographs (Model-
Prochrono Digital) were mounted with clamps to the bottom of the capture chamber with a transparent
optical window to record the incident and residual velocity of the projectile. Varying the pressure of gas
in the firing chamber varied the impact velocity.

- . £ . ?
Figure 2. Ballistic Impact Test Setup

2.4 Ballistic Impact Study on Woven Carbon/Epoxy Composites with Polycarbonate Facing

This section describes the details of the experimental study carried out on plain and twill weave fabric
composites under ballistic impact loading. The tests were carried out on plain and twill weave laminates
as well as the hybrid laminates made of different combinations of plain and twill weave layers. Further,
the tests were carried out on laminates with polycarbonate facing, which acts as a sacrificial layer facing
the projectile.

2.4.1 Specimen Fabrication

For this study, composite panels were fabricated using plain (3K yarn, 12.5 by 12.5 count, 5.7 0z/sq yd,
0.2286 mm, tensile strength 1.17 GPa, 230 GPa, Figure 3a) and 2/2 twill (3K yarn, 12.5 by 12.5 count,
194.88 g/m%, 0.3175 mm, Figure 3b) weave T300B-40B-3K-Toray carbon fabric and Applied Poleramic
SC-14 epoxy resin through a VARIM process. The gel time of the resin was approximately three hours
and the curing was completed in twelve hours. Three types of panels were fabricated, each containing
seven layers of carbon fabric. They included a) all seven plain weave plies, b) all seven twill weave plies,
and c) hybrid lay-up with four twill and three plain weave plies. The nomenclature for the panels is
provided in Table 1. Each of these panels was bonded to a polycarbonate sheet (Clear PC (Lexan®™),
supplier-Precision Plastic and Punch Co.) of 2.5 mm thickness. The polycarbonate sheet was bonded to
the composite on one side using 3M spray adhesive (Super 77). The average thickness of the plain
weave laminate was 1.6 mm for twill and 1.7 mm for hybrid weave. The total thickness of the laminate
and polycarbonate was 4.1 mm for the plain weave-polycarbonate, and 4.2 mm for the twill and hybrid
weave-polycarbonate.



b)

Figure 3. a) Plain Weave Fabric and b) 2/2 Twill Weave Fabric

Tests were conducted on four types of sample configurations: a) all plain weave, b) all twill weave, c)
hybrid plain-twill weave with plain weave toward the back face, and d) hybrid plain-twill weave with
twill weave toward the back face. In all tests, the polycarbonate sheet faced the impact side. At least
three samples were tested in each category to ensure repeatability. Table 2 provides information on the
projectile, the mass of the constituent laminate, and that of polycarbonate.

The impact tests were designed to investigate the damage evolution below, at, and beyond the ballistic
limit. The ballistic limit velocity denoted by Vg is considered the velocity at which the energy
absorption was maximized. At Vg, the projectile remains embedded in the panel, and in some instances
penetrates fully. The projected damage in the sample was maximum at this condition. For tests 'below’
the ballistic limit, the projectile rebounded from the panel and was recovered from the impact end. For
beyond ballistic limit tests, the damage zone was smaller and penetration was complete. For the test
velocities adopted here, the residual velocity was appreciable only for a few cases, as reported in Table 3.

Table 1. Specimen Nomenclature

PW?7: Plain weave, 7 layers
TW7: Twill weave, 7 layers
PWT7A: Plain & twill weave hybrid, 7 layers, plain weave on back
PWT7B: Plain & twill weave hybrid, 7 layers, twill weave on back

Table 2. Details of Samples and Projectile

Polycarbonate sheet: average mass 43 g, volume 38.5 cm’

Carbon laminate: average mass 35 g, volume 25.6 cm’
Total mass of polycarbonate bonded to carbon plies: 78 g
Mass of FSP: 16 g, 12.7 mm diameter
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Figure 4. Quantitative Measurements on Back Face; a) Back View and b) Side View

2.4.2 Results and Discussion

The samples exhibited transverse and longitudinal cracking patterns, and these features were quantified.
Besides measuring the incident velocity, the damage evaluation and assessment of failure modes of the
target was carried out by measuring the parameters illustrated in Figure 4 with respect to the back face.
These included - transverse crack, longitudinal crack, and back face bulge. These measurements provided
information about the principle dimensions of the impact damage zone such as entrance and exit areas for
perforation and the damage profile (shape, size, and location). Table 3 summarizes the damage
observations and results for Vg;.

Table 3. Visible Percent Back Face Damage” at Vi,

Specimen Transverse Longitudinal Bulge VgL (m/s)
(percent) (percent) (percent)

PW7 28.4 22.5 168.3 100

TW7 26.5 24 54.8 120

PWT7-A 27.9 15.7 114.3 98

PWT7-B 29.4 26.5 54 105

"based on 101.6 mm by 101.6 mm (4 by 4 inches) simply supported sample

As reported in Table 3, the extent of transverse cracking of the back face was within 10 percent for the
PW7, TW7 and PWT7-A and PWT7-B. However, the extent of longitudinal cracking is approximately
68percent higher for the PWT7-B samples as compared to the PWT7-A. Also, the TW7 exhibited
6percent higher longitudinal cracking than the PW7 samples. In all cases, the PW7 and PWT7-A samples
exhibited a significant bulge on the back face due to formation of fiber shear zone. The bulge was
measured to be 168 percent for the PW7 samples (21 1percent larger than the TW7), 114percent for the

PWT7-A samples (111percent larger than the PWT7-B), and only 54percent for both TW7 and PWT7-B
samples.

The energy absorption mechanisms in the plain weave dominant laminates was observed to be due to
fiber shearing, therefore higher bulging and reduced longitudinal cracking were observed. In comparison,
the twill-weave dominant laminates exhibited higher back (tensile) side cracking and less fiber shearing,
which explains the small bulging of the back face.

10



Figure 5a-d represent the failure modes for the PW7, TW7, PWT7-A and PWT7-B laminates for the just
below the impact limit condition. Below ballistic limit, the damage incurred by the twill weave laminates
is smaller than the plain weave (Figure 5a versus 5b). The hybrid laminates appear to exhibit similar
damage states. Figure 6a-d illustrates the same category of samples at ballistic limit. At the ballistic
limit, the longitudinal cracking of the twill weave laminates is seen to be higher than for the plain weave.
This is attributed to fiber shearing in the plain weave laminates. For the 2/2 twill weave, the undulations
run over two tows and this small variation (of straightness of the 2/2 twill weave yarns) is seen to
transition the failure mode to a tensile fiber fracture mode (with less shear bulging). Figure 7 a and b
compare an idealized stacking of the plain and twill weave. The alternating over-under undulations of the
plain weave (PW?7) results in 20 percent lower ballistic limit than the twill weave (TW7) laminates. For
the hybrid weave samples, the ballistic limit was 7 percent higher for the PWT7-B than the PWT7-A
laminates, i.e., when the twill weave was on the back (tensile) side. Figure 8 demonstrates the bounds of
energy absorbed versus velocity at ballistic limit for the different sample types. The hybrid samples, as
expected, exhibit a ballistic limit characteristic in between that of the all-plain and twill weave. The
lowest value of ballistic limit was obtained from the PWT7-A panels. This was perhaps because of the
limited role of the twill weave layers, which were closer to the compression zone (impact side), and lesser
plain weave plies subjected to shear during the passing of the projectile through the back side layers. This
is also noted by the comparison of PW7 to PWT7-A. In comparison to the PW7, the shear bulge is lower
for the hybrid PWT7-A laminate.

Figure 5. Failure Mode Below Ballistic Limit;
a) all Plain, b) all Twill, ¢) Hybrid, Plain on
Back, d) Hybrid, Twill on Back
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Figure 6. Failure Mode at Ballistic Limit; a) all Plain, b) all Twill, ¢)
Hybrid, Plain on Back, and d) Hybrid, Twill on Back

Figure 7. Undulations in a) Plain Weave, and
b) 2/2 Twill Weave
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Figure 8. Absorbed Energy Versus Ballistic Limit Velocity For Constituent and Hybrid
Samples

Table 4 summarizes the ballistic test data. For samples that exhibited perforation, only for the PWT73A
sample was residual velocity recorded. For all other samples, the residual velocity was not appreciable
enough to give an exit velocity reading. The projectile was recovered at the backside of the panel,
indicating it had slowed down sufficiently to drop off after penetration. The incident energy for the
samples is reported in Table 4 as well. For the ballistic limit velocities, this may be treated as the
absorbed energy in the sample, neglecting energy loss at the supports. The TW7 sample exhibited the
highest energy absorption (115 J), in comparison to 80 J for the PW7 samples. Hybridization did not
provide significant benefits in terms of energy absorbed. The PWT7-B sample exhibited higher energy
than the corresponding PWT7-A sample.

For all of the samples, the polycarbonate-facing exhibited localized melting at point of impact as shown
in Figure 9, and a damage zone equivalent to the diameter of the projectile. The thickness of the
polycarbonate was not sufficient enough to cause radial cracking within it. The role of the polycarbonate
in all of the tests was to reduce the velocity of the projectile due to the mechanism of localized melting.

13



2.5 Ballistic Impact Studies on Stitched/Unstitched Woven Carbon/Epoxy Laminates
2.5.1 Specimen Fabrication

For this study, two fabric architectures were considered: plain and satin. Plain weave carbon fabric was of
style 4060-6 with 10 oz/sq yard, and satin weave was eight-harness carbon fabric of style 5999 with 10.8
0z/sq yard supplied by Fiber Materials Inc. For unstitched laminates, 7, 17, and 37 layers of fabric were
used. For the fabrication of stitched laminates, 7 and 17 layers of dry fabric were stacked together and
stitched using 3-cord high-strength Kevlar thread with a pitch of 6 mm, with stitches forming a grid of
25.4 and 12.7 mm, respectively (Figure 10). All of the laminates were fabricated using VARIM.
Specimens of nominal size 125 by 125 mm are cut from the laminates for testing. All of the samples
were subjected to ultrasonic NDE to evaluate the extent of damage. Table 5 provides information on the
samples tested in the current study.

Table 4. Ballistic Test Data

Sample [Vin (m/s) [Vout (m/s) [Energy (J)
PW71 85 0 58
PW74 89 0 63
PW72 100 0 80
PW73 122 _ 119 Note: - Bold values represent at
TW71 | 109 0 95 ballistic limit
TW74 120 0 115 -No values on V,,, represent
TW72 131 - 137 penetration, but no sufficient residual
PWT71A| 88 0 62 velocity to obtain a reading on the
PWT77A] 98 0 77 exit side
PWT78A| 102 - 83
PWT73A| 128 63 131
PWT76B 82 0 54
PWT72B 83 0 55
PWT75B| 105 0 88
PWT74B| 127 - 129

Figure 9. Melting of Polycarbonate Facing
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a)

Figure 10. Stitching of Dry Fabric Preform; a) Stitching
Operation, and b) 12.7 mm Stitched Preform

Table 5. Woven Carbon/SC-15 Epoxy Panels for Ballistic Impact Test

Number of Layers Thickness (mm), Plain weave Thickness (mm), Satin weave
7 2.8 3.5

17 5.7 8.0

37 13.8 14.3

2.5.2 Ultrasonic NDE

Ultrasonic inspection of the laminates was carried out using a Krautkramer ultrasonic pulser receiver unit
with TestTech mechanical system. The scanning was done in pulse-echo immersion mode using a 5-MHz
25.4-mm point focus sensor. In ultrasonic inspection, using the pulse-echo immersion mode, the sample
was placed in a water tank and the transducer was brought over the sample. As the ultrasound propagates
through the water medium, part of it gets reflected back from the top surface of the sample, which is
called as the front surface echo, while the rest of it passes through the material. The part of the ultrasound
that is propagating through the sample gets reflected back at the other end of the sample, which is called
as back surface echo. If there is any defect in the path of the travel of ultrasound, then it acts as a reflector
and a defect echo is obtained. Therefore, by collecting the information from the back surface echo of the
ultrasound from the entire surface area of the sample, we can obtain the mapping of the defect in the
sample, which is referred to as a C-scan. This is done by setting an electronic gate on the back surface
echo and digitizing the signal. The digitized data is further analyzed by pseudo coloring to get a colored
map to differentiate a defective area from the good area. Such scanning will give the information of
cumulative damage as projected onto a horizontal plane.

In the current study, ultrasonic scanning was done with the impacted surface facing the sensor to get the
information about the state of damage. The gate was set on the back surface echo. All of the laminates
were subjected to ultrasonic NDE both before and after impact testing. The ultrasonic testing before
impact loading was carried out to ensure that there were no fabrication defects in the sample. Post-impact
ultrasonic testing was conducted to evaluate the extent of damage in the sample.
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2.5.3 Results and Discussion

Ballistic impact tests were carried out on 7, 17, and 37 layered unstitched and 7 and 17 layered stitched
laminates made using plain and satin weave fabric with SC-15 epoxy resin system. Samples were
impacted using foam, sabot-assisted FSP weighing 14 g. Four samples were tested for each thickness to
determine the ballistic limits. Results of the ballistic tests are shown in Tables 6 and 7. The impact tests
were designed to investigate the damage evolution below, at, and beyond the ballistic limit. The ballistic
limit velocity denoted by Vg, is considered as the velocity at which the energy absorption was
maximized. At Vg, the projectile remains embedded in the panel, and in some instances penetrates fully.
The projected damage in the sample was maximum at this condition. For tests below the ballistic limit,
the projectile rebounded from the panel and was recovered from the impact end. For beyond ballistic
limit tests, the damage zone was smaller and penetration was complete.

Table 6. Ballistic Test Results for 7-, 17-, and 37-layer Unstitched Woven Carbon/Epoxy Laminates

Sample | Panel | Input Exit Energy Comments

ID | Velocity | Velocity | Absorbed

(m/s) m/s) )

Satin, 7| 5A 114 275 87 Over the ballistic limit
layers 5B 86 0 Just over the ballistic limit

5C 46 0 Under ballistic limit

5D 52 0.00 Under ballistic limit
Plain, 7| 6A 56 0 Under ballistic limit
layers 6B 61 11 25 Just over the ballistic limit, low exit velocity

6C 75 13 38 Over the ballistic limit

6D 71 33 28 Over the ballistic limit
Plain, TA 104 100 6 Over the ballistic limit
17 7B 102 12 72 Just over the ballistic limit, small exit velocity
layers | 7C 85 0.00 Under ballistic limit

7D error 68 Chronograph error in recording of the input velocity
Satin, SA 171 0.00 Just over the ballistic limit, small exit velocity
17 &B 175 39 204 Over the ballistic limit
layers | 8C 90 0 Under ballistic limit

8D 100 0 Under ballistic limit
Plain, 9A 111 0 Under ballistic limit
37 9B 232 0 Ballistic limit, projectile was imbedded in the sample
layers 9C 265 48 474 Over the ballistic limit

9D error 0 Chronograph error in recording of the input velocity
Satin, 10A 179 0 Under ballistic limit
37 10B 262 0 Ballistic limit, projectile was imbedded in the sample
layers | 10C | 275 85 480  |Over the ballistic limit

10D | error error Chronograph error in recording of the velocity

Close to ballistic limit (boldfaced)
Exit velocities less than 6 m/s cannot be recorded by the chronograph
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2.5.3.1 Unstitched Laminates

Figures 11-13 illustrate the front and back surfaces of the plain and satin weave samples impacted at or
near the ballistic limit for 7, 17, and 37 layers respectively. The ballistic limit for plain and satin weave
laminates is plotted as a function of the number of layers as shown in Figure 14.

Front Surface Back Surface
Plain Weave (61 m/s)

Front Surface Back Surface
Satin Weave (86 m/s)
Figure 11. Front and Back Surfaces of 7-Layer Plain and Satin Weave Laminates

Front Surface Back Surface
Plain Weave (102 m/s)

8 alm!#
AS

Front Surface Back Surface
Satin Weave (171 m/s)

Figure 12. Front and Back Surfaces of 17-Layer Plain and Satin Weave Laminates

17



Front Surface Back Surface
Plain Weave (232 m/s)

Front Surface Back Surface
Satin Weave (262 m/s)

Figure 13. Front and Back Surfaces of 37-Layer Plain and Satin Weave Laminates
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Figure 14. Variation of Ballistic Limit with Number of Layers
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From Figure 14, it can be seen that the ballistic limit for satin weave laminates is much higher that the
corresponding plain weave laminates. This can be attributed to two reasons. One, satin weave laminates
are slightly thicker than plain weave laminates. Two, the fabric architecture. In the plain weave fabric, the
fiber tow in the warp direction crosses over every other fiber tow in the fill direction, as shown in the
schematic diagram in Figure 15. The angle made over the crossing, which is called crimp angle, is thus
steep and is repeated for each tow in both fill and warp direction. Hence, there is considerable reduction
in the in-plane properties of the laminate made using plain weave architecture. In comparison, in eight-
harness satin weave fabric, the fiber tow in the warp direction runs over seven fiber tows in the fill
direction before crossing under the eighth tow in the fill direction, as shown schematically in Figure 16.
This pattern in repeated over the entire width of the fabric. This will result in much straighter architecture
without any apparent indication of the weave. The resulting laminate will be very close to unidirectional
laminate, with much higher in-plane properties as compared to plain weave fabrics. Under impact
loading, the tensile failure initiates through in-plane failure of the bottommost ply. The fabric with better

a) b)

Figure 15. Plain Weave Fabric; a) Planform and b) Section
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Figure 16. Schematic of 8-Harness Satin Weave Fabric Laminates; a) Planform
and b) Section
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in-plane properties would naturally sustain higher stresses, which in the current case is satin weave.
Further, the failure initiation is more likely though tensile failure of the fiber tows. In the case of plain
weave fabric, the failure initiation is more likely to be through shear fracture of the fiber tow.

The ensuing damage modes were evaluated through ultrasonic NDE. When the impact velocity is just
below the ballistic limit, the projectile penetrates the laminate partially. All of the impact energy is then
absorbed by the laminate. The modes of damage include removal of material by penetration, and multiple
delaminations at the back surface with the maximum delamination being at the interface, where the
projectile comes to rest. When the striking velocity is just above the ballistic limit, the laminates get
penetrated completely, with lesser delamination damage. The damage size is smaller on the impact
surface and more on the back surface. Again, the damage mode on the back surface is controlled by the
weave architecture. Plain weave, being more closely knit, offers higher through thickness shear resistance
than the satin weave laminate. This is quite evident if we look into the back surface more closely. Most of
the plain weave samples show bulging or clear hole on the back surface, whereas the satin weave laminate
exhibit tensile flexural failure as additional failure mode. Figures 17 a-f illustrates ultrasonic NDE images
of the samples that were impacted with velocity to the ballistic limit for 7-, 17- and 37-layer laminates
respectively. All the samples were scanned with both front and back surfaces facing the transducer. All of
the 7- and 17-layered panels indicated damage by penetration, with very little delamination damage. The
damage was restricted to the region close to the hole left by the bullet upon penetration. For the thicker
37-layer sample, all of the plain weave laminates exhibited through penetration damage as can been seen
from the c-scan (Figure 17¢). However, the 37-layer satin weave sample had partial penetration. This
resulted in the creation of large delamination at the interface where the projectile was arrested (see Figure
17f). From these figures, it is quite clear that the damage modes are quite different for the two fabric
architecture. Since the laminates were all of the same size, thicker laminate, being stiff, undergo relatively
lesser deflection. Hence, the size of damage will be more as the thickness increases. Comparing the satin
and plain weave laminates, it can be seen from the above figures that satin weave laminate suffers greater
damage.

2.5.3.2 Stitched Laminates

It is know that, through the thickness stitching enhances the damage resistance of carbon/epoxy
composites. In order to determine the influence of stitching on the response of the laminates to impact
loading, 7 and 17 layer panels were fabricated with both plain and satin weave fabric. Through the
thickness stitching was done using a 3-cord Kevlar thread using a stitching machine. The dry fabric layers
were stacked together and stitched through the thickness. Orthogonal grids of size 12.7 mm and 25.4 mm
were employed. The pitch of stitching along the stitch line was maintained at 6 mm. 8 sets of samples
were subjected to projectile impact loading. For each set four samples were used to determine the ballistic
limit. Table 7 lists the details of impact test results. Boldfaced numbers indicate the ballistic limit for each
set of sample.

Figures 18 and 19 represent the front and back surfaces of 7-layer and 17-layered stitched plain and satin
weave samples along with the C-scan images for both 12.7-mm and 25.4-mm stitch grids for the samples
that were impacted close at their ballistic limits. In can be seen from the pictures of the back surfaces of
both plain and satin weave samples and their C-scans that the splitting damage, which was seen in
unstitched laminates, is missing. Though the woven fabric composites arrest the spread of backface
damage by splitting due to the inherent interlacing nature of the fabric, at high impact energy, the back
face fiber tows fail in tension and split, as we can see in the case of unstitched samples. However, in case
of stitched samples, the splitting damage that is initiated due to the tensile failure of the backface gets
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arrested at the location of the stitch line, as can be seen from the C-scans in Figures 18 and 19. Hence, the
impact energy has to find alternate routes to transfer the energy. This is facilitated by spending the energy
in penetration. During penetration, the projectile has to transfer its kinetic energy in shearing through the
layers through the thickness of the laminate. The damage, which is already localized in the case of woven
fabrics, gets further localized due to the constraints imposed by the stitch lines. Further, if the projectile
impacts the laminate on the stitch line itself, then the laminate will split at the stitch line. Sometimes, the
energy is expended in snapping the stitch lines. When the dry fabrics are stitched, the needle damages the
fibers locally. Further, the region where the threadline holds the fabric through the thickness has localized
resin-rich pockets. When the projectile impacts the sample at the stitch line, the fabric is sheared more
easily in comparison with the fabric elsewhere.

1 :
Front Surface Back Surface Front Surface Back Surface

a) 7-layer Plain Weave b) 7-layer Satin Weave

Front Surface Back Surface Front Surface Back Surface

c¢) 17-layer Plain Weave d) 17-layer Satin Weave

Front Surface Back Surface Front Surface Back Surface

e) 37-layer Plain Weave f) 37-layer Satin Weave

Figure 17. Ultrasonic C-Scan Images Of Unstitched Impacted Plain and Satin Weave Laminates
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Table 7. Ballistic Test Results for 7-, and 17-layer Stitched Woven Carbon/Epoxy Laminates

Sample Panel | Input Velocity | Exit Velocity Energy
1D (m/s) (m/s) Absorbed (J)
Plain weave 17 layers, 1A 80 0
12.7- mm grid 1B 97 0 66
1C error 0
1D 132 120 1
Satin weave 17 layers, 2A 129 error
12.7- mm grid 2B 113 0 89
2C 98 0
2D 152 error
Satin weave 7 layers, 25.4- | 3A 53 <10 13
mm grid 3B 41 0
3C 59 30 6
3D 43 0 13
Plain weave 7 layers, 25.4- | 4A 39 0
mm grid 4B 52 <10 13
4C 49 0
4D 50 0 18
Plain weave 17 layers, 5A 97 Error
25.4- mm grid 5B 79 0
5C 92 0
5D 88 0 54
Satin weave 17 layers, 6A 90 0
25.4- mm grid 6B 97 52 14
6C 92 0
6D 94 0 62
Satin weave 7 layers, 12.7- | 7A 68 14 20
mm grid 7B 49 0
7C 66 0 30
7D 73 error
Plain weave 7 layers, 12.7- | 8A 52 error
mm grid 8B 47 0
8C 68 13 21
8D 61 <10 26

Close to ballistic limit (boldfaced)
Exit velocities less than 20 ft/s cannot be recorded by the chronograph
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Impact Face C-scan of Impact Face Back Face C-scan of Back Face
a) 7-layered Satin Weave Laminate With 12.7-mm Grid (Panel 7C, 66 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
b) 7-layered Plain Weave Laminate with 12.7-mm Grid (Panel 8D, 61 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
¢) 7-layered Satin Weave Laminate with 25.4-mm Grid (Panel 3D, 43 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
d) 7-layered Plain Weave Laminate with 25.4-mm Grid (Panel 4D, 50 m/s)

Figure 18. Front and the Back Surface of 7-Layer Stitched Woven Carbon/Epoxy Samples
Subjected to Ballistic Impact Loading with the Corresponding Ultrasonic C-Scan Images

The damage size is lower in the stitched samples as compared to the unstitched samples. This will be
highly desirable from the point of view of residual properties. The lower the damage size, the lower the
reduction in the residual properties, which is desirable from the damage tolerance point of view.
However, this leads to lowering of the ballistic limit also. The projectile will penetrate the stitched
laminates at much lower incident velocities in compared to unstitched laminate. This will reduce the
ballistic limit for stitched laminates (see Figure 20). Hence, the choice of opting for stitching of the
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Impact Face C-scan of Impact Face Back Face C-scan of Back Face
a) 17-layered Satin Weave Laminate with 12.7-mm Grid (Panel2B, 113 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
b) 17-layered Satin Weave Laminate with 12.7-mm Grid (Panel 1B, 97 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
c) 17-layered Satin Weave Lamlnate with 25 4-mm Grid (Panel 6D, 94 m/s)

Impact Face C-scan of Impact Face Back Face C-scan of Back Face
d) 17-layered Satin Weave Laminate with 25.4-mm Grid (Panel 5D, 88 m/s)

Figure 19. Front and the Back Surface of 17-Layer Stitched Woven Carbon/Epoxy
Samples Subjected to Ballistic Impact Loading with the Corresponding Ultrasonic C-
Scan Images

laminates should be made based on whether the design requirement is improved damage tolerance or the
ballistic limit.
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Figure 20. Comparison of Ballistic Limit for Different Laminate Configurations (17 layers)

Figure 21 a) and b) represent the comparison of the ballistic limits of satin and plain weave fabric stitched
laminates for 12.7- and 25.4-mm stitch respectively. Ballistic limit is higher for satin weave laminates as
compared to plain weave laminates. This could be attributed to the combined effect of two aspects. First,
the thickness of satin weave laminates is relatively higher, which make them stiffer. The second reason is
attributed to the the fabric architecture as already discussed in the previous section. The effect of fabric
architecture is more pronounced in the case of 12.7 mm stitched samples, where the local effects play a
dominant role. When the two thicknesses are compared, 17 layer laminates exhibit a higher ballistic limit
than 7-layer laminates due to increased stiffness.

2.6 Effect of Projectile Shape on the Ballistic Perforation of VARTM Carbon/Epoxy Composite
Panels

2.6.1 Introduction

In this part of the study, high-velocity impact tests were performed using a gas-gun test setup using four
projectiles of different geometries (hemispherical, conical, fragment simulating, and flat tip; see Figure
22) each made from tool steel and weighing 14 g. Samples of dimension 101.6 by 101.6 mm (4 x 4
inches) were used. The sample was mounted in a simply supported boundary condition along its four
edges, sandwiched on rollers between two rigid aluminum plates. Two chronographs (Model-ProChrono
Digital) were mounted with clamps to the bottom of the capture chamber with a transparent optical
window to record the incident and residual velocity of the projectile. Varying the pressure of gas in the
firing chamber varied the impact velocity. The impact tests were designed to investigate the damage
evolution at the ballistic limit. At least three samples were tested in each category to ensure repeatability.
The ballistic limit velocity, Vg and the resulting energy absorbed by each specimen are reported in Table
8.
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Figure 21. Comparison of Ballistic Limits; a) 12.7-mm Grid, and b) 25.4-mm Grid

Table 8. Sample Number, Sample Thickness

Sample Thickness (mm)
AC7 6.5
BC2 32
AF4 6.5
BF6 32
AHI1 6.5
BH2 32
AFS2 6.5
BFS1 3.2
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Figure 22. Projectile Shape and Dimensions

2.6.2 Specimen Fabrication

The composite panels were fabricated using eight-harness satin weave carbon fabric Style 5999 weighing
3.66 kg/m2 supplied by Fiber Materials Inc. and Applied Poleramic SC-15 epoxy resin-type through a
VARIM. Two different thicknesses of composite panels were fabricated, one containing 7 layers (3.2
mm) and the other containing 17 layers (6.5 mm) of carbon fabric. The nomenclature (thickness,
projectile shape, sample number) and resulting thickness of the panels are provided in Table 9.

Table 9. Sample Number, Velocity at Ballistic Limit, Energy Absorbed

Sample Velocity at Vg (m/s) Energy (J)
AC7 167 195
BC2 90 57
AF4 155 168
BF6 91 58
AH1 153 164
BH2 79 44
AFS2 141 139
BFS1 77 42
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Table 10. Sample Number, Average Transverse Crack Length, Average Longitudinal Crack Length

Sample Avg. Trans. Crack (mm) [Avg. Long. Crack (mm)
AC7 31.6 16.6
BC2 17.7 15.5
AF4 23.5 15.3
BF6 20.5 20.6
AHI1 21.6 19.1
BH2 15.8 15.2
AFS2 20.8 32.5
BFS1 15.1 16.3

2.6.3 Results and Discussion
2.6.3.1 Impact Testing

The samples exhibited transverse and longitudinal cracking patterns and these features were quantified.
The incident velocity was measured for each specimen. The damage evaluation and assessment of failure
modes of the target was carried out by measuring the parameters illustrated in Figure 23 with respect to
the back face. Due to the variation in crack lengths from the center of penetration within each specimen,
an average for half of the total transverse and longitudinal crack lengths was measured. These included
both average transverse and average longitudinal crack growth. These measurements provided
information about the principle dimensions of the impact damage zone such as entrance and exit areas for
perforation and the damage profile (shape, size, and location). Table 10 summarizes the damage
observations at Vg for each specimen.

Longitudinal ‘
Crack

Transverse Crack

Figure 23. Quantitative Measurements on Back Face
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Figure 24 Energy Absorbed at Ballistic Limit Velocity for Each Specimen

©)

Figure 25. Back Face Damage of a) Fragment Simulating, b) Hemispherical, ¢) Conical, d) Flat
Projectiles for 6.5-mm Thick Panels

Energy absorbed by each specimen at ballistic limit is represented in Figure 24. The influence of
projectile geometry is seen to significantly affect the ballistic resistance of the panels. The influence of
projectile geometry is more for the thicker specimens. In the 6.5-mm-thick specimens, the largest amount
of energy absorbed in the panel occurred from the impact of the conical projectile (29 percent greater),
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followed by the flat (17 percent greater), hemispherical (15 percent greater), and fragment simulating.
The FSP penetrates with a lower velocity because it initially creates a small shear zone followed by
elastic/plastic hole enlargement. The flat projectile also creates shear zone during impact, which results
in plugging or ejection of a circular plug, but the energy absorbed is much greater due to the large impact
face. Failure in the panels impacted with the conical and hemispherical projectiles resulted in
elastic/plastic hole enlargement where the fibers are more likely to spread and stretch while the projectile
penetrates (Figure 25). However, due to a small angle on the conical projectiles and the large surface area
on the hemispherical projectiles, part of the failure is also a result of shear loading of the laminate.

35.0
M Conical
< 30.0
3
£ 25.0
O 25.0 A -
4 20.2 @ Flat
£ 20.0 1
@,
% 15.0 E Hemispherical
>
S 10.0
—
= i Fragment
X 307 Simulating
0.0 -

Figure 26. Average Transverse Crack Growth for Each Specimen

The average transverse crack growth correlates well with the type of failure that occurs in each panel.
However, the average longitudinal crack growth in the panels did not vary as much under impact of the
four different projectiles. The average transverse crack growth in the panels was the largest due to the
impact of conical projectile (34 percent greater), followed by the flat (11 percent greater), hemispherical
(4 percent greater), and FSP (Figure 26). The energy absorbed by each panel increases as the amount of
cracking, due to back face tension, increases. Because of the difference in interlacing of the woven fibers
in the warp and weft directions, the amount of energy absorbed in tension is more significant in the
transverse direction than the longitudinal direction; thus, the cracking was more significant in the
transverse than the longitudinal direction. Figure 2.6 illustrates the back face damage for the 6.5-mm
panels.

In the 3.2-mm thick specimens, the range of energy absorbed is not as large, yet the amount of energy
absorbed is higher for conical and flat than for the hemispherical and FSPs (average 25 percent greater,
see Figure 24). The failure modes described above for the 6.5-mm-thick panels impacted with the four
different projectiles are semicharacteristic of the 3.2 mm thick panels. The transverse and longitudinal
crack growths also do not have a large range of values (~5 percent crack growth difference, Figure 26 and
27). The crack growth in the panels resulting from the impact of the conical and flat projectiles are
slightly larger than the crack growth in the panels with hemispherical and the FSP impact, indicating the
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Figure 28. Average Longitudinal Crack Growth for Each Specimen
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Due to the small variation in ballistic limit and crack propagation, penetration of carbon/epoxy panels by
different-shaped projectiles is significantly dependent on panel thickness. Thin carbon/epoxy panels flex
readily during the ballistic event which absorbs a majority of the projectiles energy regardless of shape.

2.7 Analytical Modeling
Wen’s analytical models [17, 18] were used for the prediction of ballistic limit in each panel impacted by
the four different projectiles. The following equations were derived from energy relationships. Each

equation is specific to the shape of projectile. The parameters for the equations are also listed.

Conical

Vg = I+ 1+ %G (1)
26 zsin® — p D’T
2
Hemispherical
3w p,o,D°T
oL :L 1+ 1+LG2 )
8G Omp, DT

Flat

7+l p,o, D*T
v, = NPT Ty 1+—2G2 3)
2G mp,D°T

Fragment Simulating

27T o ’
Vg = | o Zeone {H(—ﬂ‘” 4}[“4) } @)
G O-Cone a

The parameters for the predictive ballistic limit equations are as follows:

N | =

*a projectile radius

a7 radius of tapered section for a FSP
D projectile diameter

G projectile mass

T thickness of laminate
e /B[, ballistic limit of the laminate
X cone angle of conical projectile

* pt density of the laminate
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*oe  eclastic limit of the laminate in through-thickness compression
* 05  mean pressure of the laminate to resist a flat projectile
* o.one Mean pressure of the laminate to resist a conical projectile

Sample calculation for the prediction of hemispherical projectile ballistic limit velocity in the thick (6.5
mm) panel follows:

374 p,o. D*T 2
o = L 1+ 1+ 3—(;2 (5)
8G Omp, DT
D=0.0127m, G =0.014 kg, T=0.0065 m, p, = 1550 kg/m’, 0e = 211 MPa
;o3 * 7 %41550%211 *(0.0127)* *0.0065 e s 32%0.014
B 8%0.014 9% 77 %1550 * (0.0127)* *0.0065
(6)
Vy =216M/ (7)
300
244 239
— 250 216
E 32%
Z 200 I 3 S%I 29% I 176 @ Experimental
2 150 167 155 153 ZO%I B predicted
E 100 141
% 50 4
0 T T T T
0 1 2 3 4

1) Conical 2)Flat 3) Hemispherical 4) Fragment Simulating

Figure 29. Predicted and Experimental Ballistic Limit Velocity for the 6.5-mm Thick Panels

The predictions calculated from the models follow the general trend of the experimental results for 6.5-
and 3.2-mm-thick laminates (see Figure 29 and 30, in which the number on the x-axis corresponds to the
type of projectile). However, the models overestimate the ballistic limit by as much as 35 percent for the
6.5-mm panels and 43 percent for the 3.2-mm panels. The difference in magnitude between the models
and the experiments is attributed to three factors-failure mechanisms, weave architecture (for example,
plain versus satin weave) within the woven carbon/epoxy panels, and the boundary condition (clamped
versus simply supported). Due to the difference in interlacing of the woven fibers in the warp and weft
directions, the amount of energy absorbed in tension varies. The shearing caused by the crimping and
undulations of the fabric decreases the ballistic limit. The elastic limit of the laminates in through-

33



thickness compression also needs to be better understood for the studied carbon/epoxy panels in order to
more closely predict the ballistic limit for each projectile shape. The trends of the experiment, though,
follow the model accurately.
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Figure 30. Predicted and Experimental Ballistic Limit Velocity for the 3.2-mm Thick Panels

2.8 Summary
2.8.1 Studies on Plain and Twill Weave Samples with Polycarbonate Facing

e Woven carbon fabric composites of plain, 2/2 twill, and hybrid weaves manufactured by the
VARTM process and bonded to polycarbonate facing were subjected to ballistic impact under simply
supported boundary condition. The role of the sacrificial polycarbonate facing was to reduce the
incident velocity of impact to the panel and withstand low velocity impact.

e The twill weave panels exhibited 20 percent higher ballistic limit than the plain weave. The hybrid
weave exhibited a ballistic response in between that of the plain and satin weave and was sensitive to
the positioning of the weave with respect to the impact direction.

e The progression of damage and damage modes were found to be sensitive to the position of the plies
and the type of woven fabric. The prominent damage modes were tensile side fracture of the plies for
2/2 twill weave dominant samples, and fiber shear fracture for the plain weave dominate samples.

2.8.2 Studies on Stitched/Unstitched Plain and Satin Weave Laminates

e 7-,17- and 37-layer woven carbon fabric composites of plain and satin weave were subjected to
ballistic impact loading to determine the ballistic limit.

o Ballistic limit for satin weave was about 38 percent higher than plain weave laminates for 7- and 17-
layer samples and about 13 percent higher for thick panels (37 layers).

e There was more damage area in satin weave laminates, which showed predominant flexural tensile
failure as compared to the dominant shear failure mode in plain weave laminates.

o The architecture of the weave did not play as large of a role (in terms of ballistic limit) in the thin
samples as opposed to the thicker samples.

o In the thick samples, it was very apparent that the satin weave absorbed more ballistic energy than the
plain weave.
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In the thin samples with the 12.7-mm grid, the point of impact became very significant. If the FSP
impacted the sample on a stitch (eg. 8C), the damage was considerably larger than if the FSP
impacted between stitches (eg. 7D). This may be due to the inability of the sample to flex because of
a high stitch density.
In the 25.4-mm grid, we did not see as large a difference, whether the FSP impacted the sample at a
stitch or between stitches. In general,
o Ballistic limit trends - unstitched > stitched with 12.7 mm grid > stitched with 25.4 mm grid
o Unstitched ballistic limit ~ 37 percent higher with respect to. 12.7-mm grid stitched samples
o Unstitched ballistic limit ~ 59 percent higher with respect to 25.4-mm grid stitched samples.
The samples with the 0.5-inch grid did perform better than the samples with the 1-inch grid when the
FSP impacted at a stitch.

2.8.3 Influence of Projectile Shapes

The influence of projectile shape in the studied carbon/epoxy laminates under high-velocity impact
resulted in a range of energy absorption at ballistic limit: conical > flat > hemispherical > FSP.
Failure mechanisms of plugging, separation of fibers, or a combination of both are a result from the
high-velocity impact of different-shaped projectiles on the carbon/epoxy laminates studied.

Panel thickness has a significant effect on the ballistic limit of panels impacted by different-shaped
projectiles. Thin carbon/epoxy panels bend easily during a ballistic event, which absorbs a majority
of the projectiles energy regardless of shape. In thick carbon / epoxy panels, projectile shape induces
different failure mechanisms, which result in different ballistic limits.

The trend of ballistic limits for the carbon/epoxy laminates impacted by different-shaped projectiles
was predicted using current analytical equations.
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List of Acronyms

Acronym Description

CAI composite affordability initiative

CFRP carbon fiber reinforced plastic

FATE future aircraft technology enhancement
FSP fragment simulating projectile

GRP glass-reinforced plastic

LO low observable

NCA&T North Carolina A & T University

NDE nondestructive evaluation

NDSU North Dakota State University

RTM resin transfer molding

TAFT Today’s Aircraft Flying Tomorrow

TU Tuskegee University

UAB The University of Alabama at Birmingham
UP University of Pittsburgh

VARIM vacuum-assisted resin infusion molding
VARTM vacuum-assisted resin transfer molding
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